, and in turn, provide recurrent inhibition of MNs. They are considered an important element in controlling the motor output. However, how RCs are modulated by spinal circuits during motor behaviors remains unclear. In this study, the physiological nature of inhibitory synaptic inputs to RCs in the lumbar segment during spontaneous motoneuronal activity was examined in the isolated spinal cord taken from glutamate decarboxylase 67-green fluorescent protein (GAD67-GFP) knock-in mouse neonates. Whole cell recordings of RCs in current-clamp mode showed that they receive phasic inhibition that could modulate the RC firing evoked by excitation of MNs. In voltage-clamp recording, we observed a barrage of spontaneous inhibitory postsynaptic currents (sIPSCs) mediated by glycine and/or GABA. These sIPSCs persisted in the presence of mecamylamine, a nicotinic receptor antagonist, indicating that excitation of other RCs by MN axon collaterals may not be essential for these inhibitory actions. Simultaneous recording of RC and the ventral root in the same segment showed that the RCs received inhibitory inputs when spontaneous MN firing occurred. Paired recordings of a RC and a MN showed that during the bursting activity in the ventral root, the magnitude of the RC sIPSCs and the magnitude of the excitatory inputs that MNs receive are highly correlated. These results indicate that RCs are modulated by inhibition that matches the MN excitation in timing and amplitude during motor behaviors.
I N T R O D U C T I O N
Renshaw cells (RCs) are excited by axon collaterals of motoneurons (MNs), and in turn, provide recurrent inhibition to MNs (Eccles et al. 1954; Renshaw 1946) . Ever since its discovery, this recurrent inhibitory circuit has been studied intensively (for recent review, see Alvarez and Fyffe 2007) . However, the precise role of recurrent inhibition in motor control and the physiological nature of synaptic modulation of RCs by spinal motor circuits mostly remain elusive (discussed extensively in Windhorst 1996) . It has been proposed that the modification of the strength of recurrent inhibition is an important element in the control of motor output (Bui et al. 2005; . Such modification can be achieved by inhibition of RC excitability. It has been shown that, in the cat spinal cord, firing of RCs is inhibited by activation of other RCs by motor axon collaterals (Ryall 1981) , by activation of sensory afferents (Ryall et al. 1971; Wilson et al. 1964) , or by descending inputs from supraspinal structures (Haase and van der Meullen 1961; MacLean and Leffman 1967) . Studies using whole cell recordings in slice preparations from the rat spinal cord showed that RCs receive miniature inhibitory postsynaptic currents (mIPSCs) mediated by both glycine and GABA A receptors . Histological studies showed that RCs have large postsynaptic densities that are immunoreactive to glycine receptors on the soma or on dendrites close to the soma (Alvarez et al. 1997; Geiman et al. 2000) . These studies showed that RCs receive putative inhibitory synaptic inputs. However, the physiological nature of the inhibitory synaptic inputs during the activation of MNs remains unclear.
The isolated spinal cord preparation taken from neonatal mouse has proved to be a useful experimental model for gaining an understanding of the basic physiological structure of motor circuits in the spinal cord at the cellular level (for review, see Goulding 2009; Kiehn 2006; Nishimaru and Kakizaki 2009) . Recent electrophysiological studies taking advantage of the genetically driven labeling of neurons by fluorescent proteins have shown that synaptic activity of visually identified interneurons (belonging to a specific group) can be examined in detail (Hinckley et al. 2005; Nishimaru et al. 2006; Wilson et al. 2005; Zagoraiou et al. 2009) . In this study, we used the GAD67-GFP knock-in mouse for facilitating the identification of RCs (Nishimaru et al. 2005; Tamamaki et al. 2003) and examined how RCs are modulated during the excitation of MNs. We show that, during the spontaneous motor activity, RCs receive simultaneous inhibitory synaptic inputs, the magnitude of which is correlated with the magnitude of the excitatory inputs to MNs. These inhibitory inputs do not seem to be derived from the recurrent inhibitory circuit, and they can modulate the RC excitation caused by motoneuronal excitation.
M E T H O D S

Recordings from RCs and MNs in the isolated spinal cord preparation
Whole cell patch-clamp recording of RCs and MNs in the isolated spinal cord preparation was carried out as previously described (Nishimaru et al. 2005) . Briefly, postnatal (P0 -P4) heterozygote GAD67-GFP knock-in mouse neonates were anesthetized with isoflurane and eviscerated, and the spinal cord (extending from the lower cervical to the upper sacral level) was removed with a ventral laminectomy. The spinal cord was placed in a recording chamber perfused with oxygenated Ringer solution (in mM: 118.4 NaCl, 3 KCl, 25 NaHCO 3 , 1.18 KH 2 PO 4 , 1.25 MgSO 4 , 2.52 CaCl 2 , and 11.1 glucose aerated with 5% CO 2 in O 2 ) at room temperature (22-24°C). Patch electrodes were pulled from thick-walled borosilicate glass to a final resistance of 5-8 M⍀. The electrode tips were filled with pipette solution (in mM: 138 K-gluconate, 10 HEPES, 10 EGTA, 1 CaCl 2 , 4 NaCl, 5 ATP-Mg, 0.3 GTP-Li). GFP-positive cells that include RCs close to the surface in the ventral horn were visually identified with differential interference contrast and fluorescence optics. RCs were identified by electrically stimulating (100-s duration, 40 -200 A in intensity, 10-s interval) the ventral root (VR) of the same segment to evoke excitatory postsynaptic potentials (EPSPs) with short latency (2-4 ms). The threshold of stimulus intensity (T) was determined as the smallest stimulus intensity capable of evoking an EPSP in the recorded cell. MNs were identified as being large neurons located in the ventral horn that could be fired antidromically from the VR in the same segment (see Fig. 7 ). The latency and the amplitude of the VR stimulation-evoked response in RC and MN were measured in Ͼ10 traces in each cell. Whole cell patch-clamp recordings were performed using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Membrane potentials were not adjusted for the liquid junction potential introduced by the whole cell configuration. Recordings of the activity and electrical stimulation of the VRs were performed using a glass suction electrode placed in close proximity to the exit point of the root. VR signals were amplified 10,000 times and bandwidth filtered at 10 -3,000 Hz with a DAM 50 AC amplifier (WPI, Sarasota, FL). Signals were digitized (5 kHz) and recorded to hard disk using Clampex 10.2 software (Molecular Devices). All drugs [mecamylamine, strychnine, bicuculline (Sigma, St. Louis, MO)] were dissolved in Ringer solution and bath-applied to the preparation.
Data analysis
Detection and analysis of synaptic events were performed off-line using Clampfit 10.2 software (Molecular Devices). The postsynaptic currents (PSCs) recorded in voltage clamp were first semiautomatically detected by template matching-based detection before visually checking the events in the whole recorded trace. VR spike-and VR burst-triggered averaging of PSCs was performed off-line using Spike2 5.1 software (Cambridge Electronic Design, Cambridge, UK). For the spike-triggered averaging, VR spikes were detected slightly above the noise level, and the PSCs were averaged over Ͼ90 spikes (mean, 1,058 Ϯ 1,668 spikes) in each recording. Averaged PSCs were analyzed over short (400 ms) and long (20 s) time frames. The baseline amplitude was calculated as the mean of 100 -200 ms (for short time frame) and 9.50 -10.00 s (for long time frame) before the trigger. The amplitude of the averaged PSCs was measured between the baseline and that of the peak (see Fig. 4 ). For the burst-triggered averaging, more than 5 bursts (mean 15.7 Ϯ 13.9 bursts) were analyzed in each preparation. To detect VR bursts, the VR activity was rectified and smoothed using a moving average algorithm (50-ms time constant). VR bursts were defined as VR activity with a duration of Ͼ100 ms. The baseline amplitude of the burst-trigggered averaged PSCs was calculated as the mean of 1.75-2.00 s before the trigger.
Statistical comparisons were performed using the Student's t-test, and Pearson's correlation coefficient (r) was used to evaluate significance of correlations. Summary statistics report the mean Ϯ SD unless otherwise specified.
R E S U L T S
Spontaneous inhibitory inputs to the RCs
RCs were identified by electrically stimulating the VR of the same segment to the soma to evoke an EPSP with a short latency (2-4 ms) (Fig. 1A) . The RCs fired in bursts (Յ7-8 spikes) when the stimulation intensity was increased (Fig. 1, A  and B) , as shown in previous studies (Lamotte d'Incamps and Ascher 2008; Mentis et al. 2005; Nishimaru et al. 2006) . However, the number of action potentials tended to vary after each stimulus with the same intensity (Fig. 1, A and B) . In the first set of experiments, we examined the number of evoked spikes in relation to the membrane potential at the onset of VR stimulation (n ϭ 10). The mean membrane potential of RCs before stimulation was Ϫ54.6 Ϯ 2.7 mV, and the mean membrane potential fluctuation was 5.2 Ϯ 1.6 mV. The number of spikes during the VR-evoked response and the membrane potential measured just before the stimulation showed a significant correlation (range of r was 0.45-0.81, P Ͻ 0.05; Fig. 1C ). Typically, when the membrane potential was hyperpolarized, the number of action potentials tended to be smaller (Fig. 1C) . This is in agreement with the previous study by Lamotte-d'Incamps and Ascher (2008) showing that the firing pattern of RCs in the VR-evoked response depends on their resting membrane potentials. As shown in Fig. 2A , the fluctuation of the membrane potential was mainly caused by an ongoing hyperpolarization. We examined the underlying spontaneous synaptic activity in RCs in voltage-clamp mode. When the membrane potential was held at Ϫ40 mV, inhibitory inputs appeared as outward currents because the reversal potential of Cl Ϫ -mediated inhibitory postsynaptic currents (IPSCs) is around Ϫ78 mV, whereas excitatory postsynaptic currents (EPSCs) appeared as inward currents. In this set of voltageclamp experiments, a barrage of spontaneous outward currents could be observed in RCs (n ϭ 24 cells; Fig. 2B ). These spontaneous currents were abolished by concomitant bath-application of a glycine receptor antagonist strychnine (0.5 M) and a GABA A receptor antagonist bicuculline (2 M), indicating that they are indeed IPSCs mediated by these receptors ( Fig. 2C ; n ϭ 5). This is in agreement with a previous study examining mIPSCs in RCs using slice preparations from neonates . The mean frequency of spontaneous (s)IPSCs was 12.0 Ϯ 11.5 Hz, and the mean amplitude was 31.4 Ϯ 27.7 pA. We also observed spontaneous EPSCs (sEPSCs) with much lower frequency (mean frequency, 0.6 Ϯ 0.5 Hz; mean amplitude, 16.5 Ϯ 4.6 pA).
A likely candidate for the source of sIPSCs would be other RCs excited as a result of MN firing (Ryall 1981) . We tested the effect of nicotinic receptor antagonist mecamylamine (50 M) on the sIPSCs. It has been shown in previous studies that mecamylamine blocked the RC response evoked by VR stimulation in the cat spinal cord (Noga et al. 1987 ) and blocked 60 -80% of the RC response in isolated spinal cord preparation taken from mouse (Lamotte d'Incamps and Ascher 2008; Mentis et al. 2005; Nishimaru et al. 2005) . However, the antagonist had little effect on the sIPSCs (amplitude, 93.7 Ϯ 17.2% of control; frequency, 96.1 Ϯ 25.4% of control; n ϭ 7; Fig. 3A ). Moreover, if the RC sIPSCs are derived from other RCs, it can be expected that antidromic firing of MNs would evoke IPSCs in RCs held at Ϫ40 mV. However, we could not detect any recurrent IPSCs in RCs in response to electrical stimulation of the VRs (n ϭ 5; Fig. 3B ). In contrast, stimulation of the VR evoked recurrent inhibition in MNs (mean latency, 6.5 Ϯ 0.6 ms; n ϭ 10; Fig. 3C ) as shown in previous studies (Marchetti et al. 2005; Sapir et al. 2004) . The amplitude of the evoked IPSCs in MNs was greatly attenuated by mecamylamine (33.1 Ϯ 8.0% of control; n ϭ 5), indicating that the antagonist is effective in blocking the recurrent inhibitory pathway. These results indicate that excitation of other RCs via motoneuronal axon collaterals may not be essential for the generation of sIPSCs observed in this study. Mecamylamine had moderate effect on sEPSCs (amplitude, 75.6 Ϯ 18.1% of control; frequency, 127.5 Ϯ 24.5% of control). A possible explanation for the limited effect of the nicotinic antagonist on sEPSCs could be that 1) excitatory inputs from MNs are partially glutamatergic (Lamotte d'Incamps and Ascher 2008; Mentis et al. 2005; Nishimaru et al. 2005) and/or 2) some of these spontaneous excitatory inputs may be derived from other excitatory interneurons. 
Inhibition of RCs during MN excitation
Next we examined the relationship between the inhibition of RCs and spontaneous motor activity by simultaneously recording the activity of an RC and that of the VR from which it is monosynaptically excited. In the VR, spontaneous action potentials were observed in all the preparations examined (n ϭ 25). The spikes often occurred in bursts and seemed to be related in timing with the inhibitory inputs to RCs recorded in current clamp (Fig. 4A) . However, the onset of the sIPSPs was not always consistent with the action potential. In RCs examined in voltage clamp, the timing of the onset and the peak of each sIPSCs in relation to the occurrence of VR action potential also varied (n ϭ 23; Fig. 4B ). We examined the relationship between the amplitude of ongoing RC sPSCs and the timing of motoneuronal excitation by averaging the RC current amplitude (with the membrane potential held at Ϫ40 mV) using each VR action potential as a trigger (Fig. 4C) . We first examined the spike-triggered averaged PSCs in a 400-ms time frame and detected a significant upward peak around the timing of the trigger in 17 RCs. The mean amplitude of the averaged PSC was 7.5 Ϯ 7.1 pA (range, 1.5-28.3 pA). The timing of the peak of the averaged PSC in relation with the VR spike varied between cells. In 5 of 17 RCs, the peak was observed before the trigger (mean, 6.0 Ϯ 7.2 ms). In the rest of the RCs (n ϭ 12), the peak amplitude was observed after the VR spike (mean, 25.7 Ϯ 16.6 ms). These results indicate that most of the RCs receive inhibitory inputs coinciding with the VR spike. In some of the voltage-clamp recordings, we observed sEPSCs coinciding with the VR spikes (Fig. 4D) . Most of the averaged PSCs for which we could not detect a clear upward peak instead had a sharp downward deflection that appeared close to the timing of the trigger (5 of 6 cells; Fig. 4E ). The mean amplitude of this downward peak was 12.7 Ϯ 7.7 pA, and the latency of the peak from the trigger was 5.4 Ϯ 4.9 ms. The possible source of these excitatory synaptic inputs may be MNs that are firing in the same segment. Because the IPSCs appeared in barrages contaminated with sEPSCs and the timing of the sIPSCs in relation to each VR spike seemed to vary, we examined the amplitude of the spike-triggered averaged PSCs in a longer time-frame (10 s before and 10 s after the trigger) aligned with the autocorrelation histogram of VR spikes to further examine the relationship between the amplitude of RC sIPSCs and the occurrence of VR spikes. The spike-triggered averaged PSC in a 20-s time frame showed an upward reflection with the peak around the timing of the trigger in all the averaged PSCs, including those that showed a downward peak (Fig. 4, F and G) . The mean amplitude of the averaged PSC in the 20-s time frame was 17.7 Ϯ 15.6 pA (range, 4.2-67.2 pA). The upward peak amplitude (mean, 71.3 Ϯ 50.9 pA) was significantly larger than the baseline amplitude (mean, 53.6 Ϯ 37.8 pA) ϩ 2 SD (P Ͻ 0.001) in all preparations examined (n ϭ 23). The autocorrelation histogram of VR spikes showed that a considerable number of the VR spike occurred around the spikes used as a trigger (Fig. 4, F and G) , indicating that VR spikes tend to occur in clusters. Interestingly, the time course of the averaged PSC was similar to that of the VR spike count in the histogram, suggesting that RCs received inhibitory currents when a VR spike occurred. These results indicate that RCs are likely to receive inhibitory synaptic inputs when the MNs are excited.
During the simultaneous recording of the RC and the VR, episodes of spontaneous bursting activity that lasted up to several seconds were observed in the VR (Fig. 5A) . The amplitude, duration, and frequency of these episodes were highly variable. Bursts of sIPSCs were observed during the duration of such VR bursting activity. Averaging of RC sPSCs triggered by the onset of VR bursts showed that the amplitude of the IPSC increased during the VR burst as shown in Fig. 5B . The mean amplitude of the burst-triggered averaged PSC was 34.4 Ϯ 28.6 pA (range, 15.0 -67.9 pA). In all the RCs examined, the peak amplitude (mean, 91.8 Ϯ 62.8 pA) of the burst-triggered averaged IPSCs was significantly larger than the baseline amplitude (mean, 55.9 Ϯ 36.8 pA) ϩ 2 SD (P Ͻ 0.001). The peak of the averaged PSC was observed after the onset of the VR burst in all RC but one (mean, 201.2 Ϯ 200.1 ms; range, Ϫ15.1 to 823.5 ms). We also found a correlation between the magnitude of the IPSCs and those of the VR bursts occurring simultaneously (Fig. 5, C and D) . The area of the VR burst and the area of the sIPSCs during the duration of the burst were measured (Fig. 5D ), and they were significantly correlated as shown in Fig. 5E (the range of r was from 0.761 to 0.998, P Ͻ 0.001). These results indicate that the timing and the amplitude of inhibitory modulation that RCs receive are correlated with the magnitude of the bursting activity of MN population in the same segment.
Paired recording of RC and MN
To examine the correlative behavior exhibited between RC inhibition and excitatory inputs to MNs underlying the activity in VRs, we simultaneously recorded from a RC and from a MN located in the same segment (n ϭ 8). In these RC-MN pairs, electrical stimulation of the same VR evoked an EPSP in RC and antidromic firing in MN (Fig. 6A) . We examined whether the RC received direct excitatory input from the MN. In two RC-MN pairs, we detected EPSCs in RC in response to MN firing by current injection (Fig. 6B) , indicating that they are synaptically connected. We could not detect such connection in the rest of the RC-MN pairs. However, in all the eight pairs recorded in current clamp, RCs received hyperpolarizing inputs when the MNs were spontaneously depolarized (Fig. 6C) . Voltage-clamp recording of these RC (holding potential Ϫ40 mV) and MN (holding potential Ϫ65 mV) pairs showed that, during the bursting activity in the VR, EPSCs were observed in MNs, whereas RCs received inhibitory inputs. As shown in Fig. 7 , the synaptic currents in RC and MN typically showed a symmetrical pattern. In particular, the time course of the amplitude change of the sIPSCs and sEPSCs during the VR burst looked similar (Fig. 7, A and B) . Such patterns were not only observed in pairs in which RC received excitatory inputs from MN (connected; n ϭ 2) but also in pairs that did not have detectable connections (unconnected; n ϭ 6; Fig. 7, D and E) . As expected, a downward peak can be detected in the spiketriggered averaged PSC (20-s time frame) of MNs (Fig. 7, C  and F) . The mean amplitude of the averaged MN PSC was Ϫ44.6 Ϯ 51.6 pA (range, Ϫ10.2 to Ϫ121.4 pA; n ϭ 8). In all the MNs examined, the peak amplitude of the EPSCs was larger than the baseline amplitude ϩ 2 SD (P Ͻ 0.05). We also examined the burst-triggered averaged PSC of MNs in the recorded pairs (Fig. 8A) . The mean amplitude of the bursttriggered averaged EPSCs was Ϫ57.9 Ϯ 41.7 pA (range, Ϫ34.6 to Ϫ173.4 pA). The downward peak of the averaged PSCs in MNs was observed at 183.1 Ϯ 149.6 ms (range, 39.8 -406.9 ms) after the onset of the VR burst. These results indicate that MNs are receiving excitatory inputs during the spontaneous VR burst in the neonatal mouse spinal cord. A similar finding has been reported in studies using the adult cat spinal cord (Noga et al. 2003; Shefchyk and Jordan 1985) . The symmetrical pattern between the amplitude of RC IPSC and MN EPSC could be observed in the triggered-averaged PSC as well. The area of RC sIPSCs and MN sEPSCs during each corresponding VR burst was highly negatively correlated (the range of r was Ϫ0.833 to Ϫ0.995, P Ͻ 0.05; Fig. 8B ). We A: an example of paired whole cell recording of a RC and a MN in L 2 . The RC was synaptically activated by VR stimulation (mean latency of the evoked EPSP, 3.7 Ϯ 0.2 ms), whereas the MN can be identified by its antidromic activation (mean latency, 1.6 Ϯ 0.1 ms). B: in the same RC-MN pair shown in A, firing of MN by depolarizing current injection evoked EPSC in the RC (voltage-clamped V h ϭ Ϫ60 mV). The propagated action potential of MNs can be observed in the VR (lowest trace). Five superimposed traces of each recording were aligned by the onset of the VR action potential. C: the spontaneous activity of the same RC-MN pair (current clamp) as in B. The RC received hyperpolarizing inputs during the VR bursts while occasionally receiving EPSPs (arrows), some of them leading to firing. The MN mainly received EPSPs during the VR burst. Action potentials of RC and MN were truncated in faster sweep speed recording (indicated by asterisks).
could not find a major difference in the r value between the two connected pairs and the six pairs that were not connected (Fig.  8C) . These results indicate that, during the bursting activity in MNs, RCs receive inhibition with a time course and amplitude similar to the excitatory synaptic inputs in MNs.
D I S C U S S I O N
In the mammalian spinal cord, it has been shown that RCs are modulated not only by inputs from MNs but also by spinal and supraspinal commands during motor behaviors (Baldissera et al. 1981 ). Our analysis of synaptic inputs to RCs in the isolated spinal cord preparation show that RCs are modulated by inhibition that matches the excitatory input to MNs in terms of timing and amplitude during the excitation of hindlimb MNs.
Inhibitory control of RCs
When MNs are excited, RCs receive excitatory inputs from their axon collaterals to activate the recurrent inhibitory circuit.
This study showed that RCs are also inhibited during MN excitations. As a result, RCs would receive simultaneous excitation and inhibition during the motoneuronal activities and the strength of the recurrent inhibition would be expected to depend on the balance between both inputs. Indeed in this study, the inhibitory inputs seemed strong enough to modulate the RC firing evoked by MN excitation.
In isolated spinal cord preparations taken from mice, these spontaneous motor activities in the lumbar VRs are associated with limb movements such as locomotion (Bonnot et al. 1998; Whelan et al. 2000) . In a previous study using a similar preparation, it has been shown that during the chemicallyinduced locomotor-like rhythmic activity, RCs receiving rhythmic excitatory drive from bursting MNs also receive rhythmic synaptic inhibition during the phase in which they are excited (Nishimaru et al. 2006) . During the rhythmic activity, some RCs were phasically inhibited during the peak of firing in the related-MN burst. Such inhibitory inputs were strong enough to pause the RC firing and indicated that RCs are actively inhibited to reduce their inhibitory influence on rhythmically active MNs. During fictive locomotion in the cat spinal cord, RCs fire rhythmically (McCrea et al. 1980; Noga et al. 1987; Pratt and Jordan 1987) and recurrent inhibition can be evoked in MN by VR stimulation , indicating that recurrent inhibition is active during such motor behavior. Interestingly, however, it has also been shown that the number of RC discharges evoked by VR stimulation was reduced by ϳ10% during fictive locomotion (McCrea et al. 1980 ). The results from these studies indicate that cat RCs might also receive inhibition during a MN burst and that RCs could be simultaneously modulated by inhibition and excitation during MN activation (although it is unclear to what extent the two experimental models-neonatal mice and adult cat-share such synaptic mechanisms).
It has been shown in previous studies in the cat spinal cord that recurrent inhibition to MNs is actively modulated during various motor activities by pathways other than the MN axon collaterals (for references, see Baldissera et al. 1981) . Based on such abundant evidence relating to synaptic modulation of the recurrent inhibitory circuit, it has been proposed that the circuit might be acting as a gain regulator of the input-output relationship of MNs ; for recent review, see Windhorst 1996 and Hultborn et al. 2004 ). According to this hypothesis, the motor output could be controlled by the strength of the recurrent inhibition, and it has been suggested that the modulation of the recurrent inhibition is achieved by the background facilitation and suppression of RCs by other motor centers. Interestingly, in a study examining the strength of recurrent inhibition during voluntary movements of the ankle joints in human subjects, it has been shown that the efficacy of recurrent inhibition changes according to the strength of muscle contraction (Hultborn and Pierrot-Deseilligny 1979; PierrotDeseilligny et al. 1977) . In principle, during weak contraction, RC activity does not seem to be inhibited. However, during strong contractions, the excitability of RCs decreases. The variable inhibitory modulation of RCs during MN excitation described in this study might be part of the neuronal mechanism of such dynamic control of the recurrent inhibition. It is possible that the neuronal network evoking motor activity uses this inhibitory mechanism to control the RC activity to optimize the strength of recurrent inhibition. In the cat spinal cord, RCs have been shown to inhibit each other (Ryall 1981; Ryall et al. 1971 ). However, we could not find any evidence that MN excitation is triggering the RC sIPSCs because 1) they were not affected by mecamylamine, and 2) we could not evoke IPSCs with a similar amplitude by VR stimulation. Because mecamylamine could not completely abolish the recurrent IPSC in MNs, we could not entirely exclude the contribution of mutual inhibition between RCs in the RC sIPSCs. However, our findings indicate that inhibitory interneurons other than RCs are also generating the inhibition in RCs during limb movements. Although the identity of such interneurons is unknown, it is likely that they receive synaptic information on the timing and amplitude similar to that of the inputs to MNs. During the spontaneous bursting activity, the IPSCs in the RC and EPSCs in the MN had a similar time course (Fig. 7) , suggesting that both of these synaptic inputs may derive from a common source. It would be of particular interest to show the identity and properties of these inhibitory interneurons to understand the mechanism of the control of motor output during limb movement.
Methodological considerations
In this study (in which we carried out whole cell patch-clamp recording), the RC is intracellularly perfused with the pipette solution, and the equilibrium potential for Cl Ϫ (E Cl ) is set by the composition of the intra-and extracellular solution. Therefore it is possible that the strength of the inhibition recorded in these cells is altered from that of RCs that are not patched. In the rodent embryonic spinal MNs, it has been shown that GABAergic and glycinergic synaptic inputs cause depolarization of the membrane potential and during the early fetal period their effect is excitatory (Delpy et al. 2008) . However, during the prenatal development, E Cl shifts toward negative values-becoming around Ϫ70 mV at birth (Delpy et al. 2008) . Moreover, blocking GABAergic and glycinergic synaptic transmission disrupts coordinated motor activity by inducing disinhibition in MNs at the late fetal stage (Nakayama et al. 2002 ; also see Fig. 2C ), indicating that inhibitory synaptic transmission is already functional in the spinal motor network at birth. Whether a similar developmental change takes place in RCs is currently unknown. It is noteworthy that the number of action potentials evoked by VR stimulation in cellattached mode was similar to that in whole cell mode after rupturing the membrane of the same RC (H. Nishimaru, unpublished data) , suggesting that the excitability of RCs has not been drastically altered in whole cell patch-clamp recording in this study.
The spike-triggered averaged PSCs recorded in the 20-s time frame showed a triangular shape with the peak appearing close to the timing of the trigger. The shape resembles that of the autocorrelation histogram of the VR spikes, indicating that this is likely caused by the tendency of spontaneous VR spikes to occur in groups during a barrage of RC sIPSCs in this preparation. This makes it difficult to determine the exact timing of the onset of the each sIPSC in relation to each VR spike. Indeed the timing of the peak amplitude of the spike-triggered averaged PSC varied between RCs. However, it also shows that the inhibitory synaptic current in RCs increases when the MNs are excited, because the averaged PSC had a significant upward peak around the timing of the trigger in all the RC examined. This point is further supported by the symmetrical pattern between the RC IPSCs and MN EPSCs observed in the paired recording of the two neurons.
Developmental aspects of RC inhibition
The basic elements of the spinal motor circuits such as the monosynaptic spinal reflex (Kudo and Yamada 1985) , reciprocal Ia inhibition (Wang et al. 2008) , locomotor central pattern generator (CPG) (Nakayama et al. 2002; Nishimaru and Kudo 2000) , and recurrent inhibition in MNs (Sapir et al. 2004) emerge at the time of birth in rodents. These circuits continue to develop and are finely tuned until adulthood, when the animal can support its own weight and obtain full motor capability. In RCs, during the first and second postnatal week, the amplitude of mIPSCs dramatically increases (GonzalezForero and Alvarez 2005) , and gephyrin, a glycine receptoranchoring protein, intensively clusters at inhibitory synapses (Geiman et al. 2000) . The potassium-channel subunits Kv3.1b and Kv3.2 that are proposed to underlie the high-frequency bursting after VR stimulation (Eccles et al. 1954; Renshaw 1946 ) are expressed after 2-3 wk in the postnatal period (Song et al. 2006) . These events are in parallel with the developmental change of MNs during this period. The L-type calcium channels that are postulated to be responsible for the amplification of excitatory inputs and burst generation are upregulated (Jiang et al. 1999) . The number of cholinergic synapses (C terminals) that are thought to be regulating the MN excitability increases as well (Wilson et al. 2004 ). The activity of MNs during this period seems to be playing an important role in the development of RC inhibitory synapses. A previous study showed that, when the MN activity was chronically enhanced by injection of tetanus neurotoxin into the muscles of neonatal rats, the amplitude of RC mIPSCs and the size of the gephyrin cluster increased . It is possible that the simultaneous RC sIPSCs and MN sEPSCs observed in this study could be contributing to the strengthening of the inhibitory synapses on RCs during postnatal development through such an activity-dependent mechanism.
Conclusion
This study provides further evidence that RCs are modulated by inhibition during the activation of MNs in the lumbar spinal cord. The magnitude of the inhibitory synaptic inputs to RCs was strongly correlated with the strength of the excitatory synaptic inputs to MNs in the same region. Such dynamic modulation of the RCs during MN excitation may be part of the neuronal mechanism controlling the motor output in the spinal cord.
